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ABSTRACT
Carbon fiber reinforced polymer (CFRP) composites have been utilized in
rehabilitation and strengthening of civil infrastructure, and fabrication of
aerospace, automotive and marine structural components. This is attributed to
the high strength-to-weight ratio and durability of CFRP. However, for
strengthening using externally bonded CFRP laminates, creep of epoxy adhesive
at the CFRP interface can result in off-loading of the CFRP and inefficient
structural strengthening. When the CFRP strengthened structure is subjected to
sustained loads, creep of epoxy should be carefully considered and controlled.
Moreover, utilization of CFRP in fabrication of such structural components is
rapidly demanding the enhancement of the structural properties of CFRP
composites. Since CFRP structural properties depend on both the fiber and
matrix properties, enhancement in the properties of the matrix yields relative
improvement of the structural properties of the CFRP composite. Moreover
v

epoxy resin systems incorporating nanoclay (epoxy-clay nanocomposite) have
recently been reported to generally display significant improvements in structural
properties over neat epoxy.
This research examines the possible control of creep of epoxy using
nanoclay. A multi-scale investigation of creep behavior of the epoxy-clay
nanocomposite was conducted including macrocreep behavior at the CFRP-steel
interface by using double lap shear testing, followed by investigation of the
nanocreep of an epoxy-clay nanocomposite using nanoindentation. In addition, a
hybrid CFRP composite incorporating an epoxy-clay nanocomposite (NC-CFRP)
was fabricated. The experiments showed nanoclay to have a significant effect on
epoxy creep, and tensile, in-plane shear, and flexural properties of NC-CFRP.
Moreover, nanoclay was proven to improve low-velocity impact responses as
well as limit damage evolution.
Microstructural, thermal and mechanical characterizations of the epoxyclay nanocomposite were performed to explain the observed effects.
Microstructural characterization included scanning electron microscope (SEM),
X-ray diffraction (XRD), transmission electron microscope (TEM), and nuclear
magnetic resonance (NMR) measurements. Thermal characterization involved
thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC)
measurements. These measurements showed that intercalated and exfoliated
nanoclay platelets have significantly different effects.
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Chapter 1
Introduction
The purpose of this thesis is to investigate structural properties of epoxy
resin systems incorporating nanoclay (epoxy-clay nanocomposite) and to
examine some of its potential applications. Nanoclay is nanoparticles of layered
mineral silicate platelets. This research focuses on using the epoxy-clay
nanocomposite for carbon fiber reinforced polymer (CFRP) composites.
Applications with CFRP include investigating creep behavior of the epoxy-clay
nanocomposite as an adhesive at the CFRP interface for strengthening
structures. We also investigate tensile, shear, flexural, and impact behaviors of
the CFRP composite, incorporating the epoxy-clay nanocomposite (NC-CFRP)
for various applications of the hybrid NC-CFRP composite.

1.1 Characterization of epoxy-clay nanocomposite
The term nanocomposite is widely used to define a large variety of
systems made of different parent materials mixed at the nanoscale.
Nanocomposites aim at generating new materials with novel properties when
compared

with

their

macrocomposite

counterparts.

The

properties

of

nanocomposite materials depend not only on the properties of the individual
parent materials but also on their interfacial interaction.
This research focuses on the epoxy-clay nanocomposite due to the
rapidly expanding use of epoxy resin systems in engineering applications
because of its relatively high mechanical and thermal properties, long pot life,
and low curing shrinkage compared with other polymer resins such as polyesters
1

and vinylesters. Moreover, nanoclay is a nanostate natural material with good
chemical modification responses and a relatively low cost compared to other
nanomaterials such as carbon nanotubes (CNTs).
Exfoliation is a measure of how separated and well dispersed the
nanoclay platelets are when mixed in epoxy resin. The properties of epoxy-clay
nanocomposite depend mainly on the interfacial interaction between nanoclay
platelets and epoxy resin molecules. Microstructural characterization was used to
differentiate between intercalated and exfoliated nanoclay platelets. Scanning
electron microscope (SEM) images were used to investigate nanoclay particles
size, and then X-ray diffraction (XRD) spectra were used to investigate the
degree of clay exfoliation. Transmission electron microscope (TEM) images
determined the average spacing (d-spacing) between the nanoclay platelets.
Finally, nuclear magnetic resonance (NMR) scans were used to investigate
chemical modification responses of the epoxy-clay nanocomposite.
Moreover, the effect of intercalated and exfoliated nanoclay platelets on
thermal stability of the epoxy-clay nanocomposite was investigated using thermal
gravimetric analysis (TGA) and differential scanning calorimetry (DSC) by
demonstrating the significance of nanoclay based on weight loss and its
derivative. Finally, the effect of intercalated and exfoliated nanoclay platelets on
the mechanical properties of the epoxy-clay nanocomposite was investigated
using flexural and short beam shear testing.
These microstructural, thermal and mechanical characterizations of the
epoxy-clay nanocomposite were used in order to understand the difference
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between intercalated and exfoliated nanoclay platelets and their effects on the
thermal and mechanical properties of the nanocomposite. This understanding is
extended in order to examine the potential applications of the epoxy-clay
nanocomposite. Figure1.1 shows a schematic for an experimental plan for
characterization of epoxy-clay nanocomposite.

Figure 1.1: Schematic for experimental plan for characterization of epoxy-clay
nanocomposite

1.2 Creep behavior of epoxy-clay nanocomposite
CFRP composites have become significantly important to rehabilitation
and strengthening of structures. For strengthening structures, externally bonded
CFRP laminates are widely used because CFRP has minimal cost and
maintenance due to its high strength-to-weight ratio and durability compared to
other conventional structural materials. However, creep behavior of epoxy
adhesives at the CFRP interface has been reported, creating a concern about
the efficiency of the whole strengthening process with time. Nanoclay platelets
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have been suggested to control creep of epoxy adhesives at the CFRP interface.
A multi-scale investigation of creep behavior of the epoxy-clay nanocomposite
was used including macrocreep behavior at the CFRP-steel interface by using
double lap shear testing, followed by an investigation of nanocreep of the epoxyclay nanocomposite by using nanoindnetation. Moreover, understanding the
difference between intercalated and exfoliated nanoclay platelets observed from
characterization of epoxy-clay nanocomposite was extended to understand the
creep behavior in nanoscale and microscale. Figure1.2 shows a schematic for an
experimental plan investigating creep behavior of the epoxy-clay nanocomposite.

1.3 CFRP incorporating epoxy-clay nanocomposite (NC-CFRP)
There has been a rapid increase in the utilization of CFRP composites in
structural components for aerospace, automotive vehicles, pipelines, turbine
blades, and high-pressure tanks due to its relative low cost, lightweight, electrical
and thermal non-conductivity, versatility, and corrosion resistance. As a result of
the growing use of CFRP in such applications, there is an ever increasing
demand to enhance the structural properties of CFRP composites. Since CFRP
structural properties depend on both fiber and matrix properties, matrix property
enhancement might yield a relative improvement of the structural properties of
the CFRP composite. This leads to the emerging idea of a hybrid CFRP
composite that incorporates epoxy-clay nanocomposite (NC-CFRP. Tensile (onaxis tension test), in-plane shear (off-axis tension test), and flexural (on and offaxis tests) behavior of NC-CFRP have been investigated, followed by a lowvelocity impact behavior investigation of the damage evolution in NC-CFRP.
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X-ray computed tomography (CT-Scan) images were used to further quantify that
damage. Figure1.2 shows a schematic for an experimental plan for investigating
the structural properties of a hybrid NC-CFRP composite.

Figure 1.2: Schematic for experimental plan for investigating of creep behavior of epoxy
clay nanocomposite and structural properties of hybrid NC-CFRP composite.

1.4 Outline of Thesis
Chapter 2 of this thesis is the literature review chapter and covers
definitions and recent investigations on characterization and behavior of epoxyclay nanocomposites. Chapter 3 examines the experimental methods including
materials’ properties, fabrication methods, test procedures, test set-ups, and data
analysis. Chapter 4 presents the results of the experimental investigation and
provides discussion of the experimental observations. Chapter 5 concludes the
research with recommendations for future research.
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Chapter 2
Literature Review
2.1 Introduction
In this chapter, background information on epoxy-clay nanocomposite and
creep behavior is reviewed. The chapter starts with an outline of epoxy-clay
nanocomposite definition, components, and types. Later, a summary of both
commonly used synthesis technique and recent research on the characterization,
creep behavior of epoxy-clay nanocomposite, and impact behavior of CFRP
incorporating epoxy-clay nanocomposite (NC-CFRP).

2.2 Epoxy-clay nanocomposites
2.2.1 Definition of epoxy-clay nanocomposite
Polymer nanocomposites are multi-phase materials where at least one of
the constituent phases has one dimension less than 100 nm. They are prepared
by dispersion of inorganic nanofillers in polymer matrix before polymerization to
alter the microstructure and enhance the behavior of polymers. Epoxy-clay
nanocomposites are consisting of an epoxy resin matrix filled with nanoclay.
2.2.2 Nanoclay for epoxy-clay nanocomposite formation
Nanoclay

is

natural

nanoparticles

of

layered

mineral

silicates

(phyllosilicates) that occur in the clay fraction of the soil. Natural clays are formed
by in-situ alteration of volcanic ash (residual class) and less commonly by
hydrothermal alteration of volcanic rocks (transported clay) (Uddin 2008). They
are extracted from the clay fraction by a variety of methods including energetic
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stirring, centrifugation, sonication, filtration, and freeze-drying techniques (Floody
et al. 2011).
Clay minerals are composed of various combinations of two types of structure
units, which are:
1- Tetrahedral silica sheets, consisting of silicon-oxygen tetrahedral, SiO44-,
each tetrahedron consist of a silica cation, coordinated to four oxygen
atoms, and linked to adjacent tetrahedra by sharing the basal oxygen
atoms at three corners to form two dimensional sheets as shown in Figure
2.1. In some cases Si4+ is replaced by Al3+, and Fe2+ (McLaren and
Cameron 1996).
2- Octahedral alumina sheets, consisting of aluminum-hydroxyl octahedral,
Al(OH)63-, Each octahedron consist of aluminum cation, coordinated to six
hydroxyl groups, and linked to adjacent octehedra by sharing hydroxyl
groups to form two dimensional sheets as shown in Figure 2.1. These
sheets have the characteristic mineral structural of gibbsite, Al(OH)3 . In
some cases Al3+ is replaced by Fe3+, Mg2+, and Fe2+. Also other cations,
such as Li+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, V3+, Cr3+, and Ti4+ were identified
(McLaren and Cameron 1996).
Major groups of clay minerals in term of
structure

are

kaolinite

(kaolinite,

dickite,

the variation in the layered

and

nacrite)

Al2Si2O5(OH)4,

montmorillonite (montmorillonite, pyrophyllite, talc, vermiculite,

sauconite,

saponite, and nontronite) (Ca,Na,H)(Al,Mg,Fe,Zn)2(Si,Al)4O10(OH)2-XH2O, illite
(K,H)Al2(Si,Al)4O10(OH)2-XH20, and chlorite (amesite (Mg,Fe)4Al4Si2O10(OH)8,

7

chamosite

(Fe,Mg)3Fe3AlSi3O10(OH)8,

cookeite

LiAl5Si3O10(OH)8,

nimite

(Ni,Mg,Fe,Al)6AlSi3O10(OH)8, and etc.) (Uddin 2008).

Figure 2.1: Structure of a silica tetrahedral sheet (up), and an alumina octahedral sheet (down)
(McLaren and Cameron 1996).

In 1:1 type phyllosilicates (e.g. Kaolinite), each layer is composed of one
tetrahedral and one octahedral sheet. In 2:1 type phyllosilicates (e.g.
Montmorillonite), each layer is composed of one octahedral sheet sandwiched
between two tetrahedral as shown in Figure 2.2.

Figure 2.2: Structure of Montmorillonite.
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The layers of many phyllosilicate carry a permanent negative charge
which is balanced by exchangeable inorganic cations (Na+, Ca+) occupying
interlayer sites because of the isomorphous substitution, for our application
(epoxy-clay nanocomposites) which involves intimate mixing of minerals with an
organic or polymer phase, the montomorillonite surface must first be rendered
hydrophobic (Floody et al. 2011).
2.2.3 Epoxy for epoxy-clay nanocomposite formation
Epoxy is a thermosetting polymer formed from reaction of an epoxide,
known as resin or compound, with a polyamine, known as hardener or activator.
The resin consists of is a monomer or low molecular weight chain polymer chain
epoxide groups at each end, while the hardener consists of polyamine monomers
as shown in Figure 2.3.

Figure2.3: Epoxy Chemistry (Rosen 1982).

When the two parts are mixed together, the amine groups react and join
the epoxide groups by a covalent bond. Each NH group can react with an
epoxide group, so that the resulting polymer has heavily cross-linked network.
Curing, known as polymerization, is an exothermic process, required time, is
dependent on temperature, chemistry of both resin and hardener and the ratio
between those two parts.
9

2.2.4 Types of epoxy-clay nanocomposite
Nanoclay tends to aggregate and to form stacks. The individual nanoclay
platelets within the epoxy need therefore to be dispersed. The dispersion can be
achieved in different possible levels.
When the clay aggregate are immersed in epoxy resin, the resin
molecules tend to diffuse into the space between clay stacks, by breaking up the
aggregate using shearing or collision, diffusion of the resin molecules increases
(Ngo et al. 2009).
Then Epoxy-Clay Nanocomposite can be classified into three types of
morphology depending on the interfacial interaction between epoxy and clay,
which are “Conventional Composite”, “Intercalated Nanocomposite”, and
“Exfoliated Nanocomposite” as shown in Figure 2.4.

Figure2.4: Schematic of various morphologies of composite
(a) Conventional Composite (b) Intercalated Nanocomposite(c) Exfoliated Nanocomposite.

Conventional composite is formed when the stack of nanoclay platelets is
retained when immersed with the epoxy resulting in no diffusion of the resin
molecules; accordingly the clay has no functional role and acts mainly as a filling
agent. Intercalated nanocomposite is formed when a few resin molecules are
10

diffused into the clay platelets with a uniform interplatelet spacing. Exfoliated
nanocomposite is formed when the nanoclay platelets are individually dispersed
in the epoxy matrix, where each platelet fully contributes to the interfacial
interaction

with

the

resin

matrix

and

improving

the

performance

of

nanocomposite. The interplatelet spacing dependent on the clay loading, that
spacing may be uniform or variable. Exfoliated nanocomposite shows more
phase homogeneity than intercalated nanocomposite (Battachary et al. 2008).

2.3 Synthesis of epoxy-clay nanocomposite
First, one part of the epoxy either resin or hardener, is mixed mechanically
with the desired amount of nanoclay in what is known as pre-mixing process. The
nanoclay epoxy resin mixture was further mixed in an ultrasonic bath in a
process known as sonication (Gupta et al. 2007). Then, the other part of epoxy most commonly to be the hardener is added. After mechanical mixing, the
mixture is degassed by a vacuum pump to remove air bubbles and pores into
molds as shown in Figure 2.5. Finally, curing is occurred either at room
temperature or through heating.

Figure2.5: Synthesis method steps of epoxy-clay nanocomposite (Khanbabaei et al. 2007).
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Dispersion process parameters mainly include pre-mixing temperature,
duration, speed, and mixing sequence. Pre-mixing temperature and duration do
not significantly affect the dispersion (Ngo et al. 2009), despite of the higher
viscosity of the mixture with higher temperature, while increasing the speed
results in slightly increasing in dispersion level (Ngo et al. 2009). Mixing the resin
and hardener first followed by adding nanoclay significantly improve the
mechanical properties than either mixing the resin or hardener with the nanoclay
first (Yap and Chow 2009). (Park and Jana 2003) showed that the elastic force
exerted by cross-linked epoxy molecules is responsible for exfoliated nanoclay
platelets from intercalated nanoclay platelets.

2.4 Characterization of epoxy-clay nanocomposite
Exfoliation is a measure of how separated the nanoclay platelets are.
Microstructural analysis techniques like X-Ray diffraction (XRD), Scanning
Electron Microscope (SEM), Transmission Electron Microscope (TEM), Thermo
Gravimetric Analysis (TGA) (Snyder 2007), X-Ray photoemission (XPS), Nuclear
magnetic resonance (NMR) (Tran et al. 2007), and Fourier Transform Infrared
Spectroscopy (FTIR) (Miyagawa and Drzal 2006) attempt to quantify the number
of platelets in each particle or to determine the average spacing between
platelets of epoxy-clay nanocomposite.
Scanning Electron Microscopy (SEM) gives very good images for fracture
surface but provides little information about the exfoliation of the particles.
However, Transmission Electron Microscope (TEM) images can show exfoliation.
However increasing the number of passes through the sonolator increase the
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exfoliation resulting TEM is not being sufficient to characterization. Thermo
Gravimetric Analysis (TGA) is also reported to be able to demonstrate the
significance of nanoclay based on weight loss and its derivative. X-ray diffraction
is capable of determining the d-spacing which refers to the spacing between
planes of nanoclay crystal lattice. It has been widely approved that dispersion
can be quantified using X-ray diffraction followed by multiple iteration of TGA
analysis TEM images (Snyder 2007).
There are limited number of studies on improving mechanical behavior of
polymers using nanoclay. Mechanical characterization like tensile, flexural and,
impact test are performed to quantify the significance of nanoclay on the
mechanical properties of epoxy-clay nanocomposite. It was reported that the
presence of exfoliated nanoclay platelets substantially increased both the tensile
strength and modulus. Significant enhancement was observed at nanoclay
loadings less than 10% by weight of epoxy (sum of both resin and hardener).
However, brittle behavior was also observed with increasing nanoclay loading
(Abot et al. 2003, Ho et al. 2006, Khanbabaei et al. 2007). Safy et al. (2012)
showed that tensile strength and modulus are enhanced at temperatures close to
glass transition temperature (Tg) of epoxy.
Similar results were also reported for flexural behavior (Khanbabaei et al.
2007, Zainuddin et al. 2010), Vickers hardness values (Ho et al. 2006), and
Charpy impact energy (Dorigato et al. 2011).
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2.5 Creep behavior of epoxy-clay nanocomposite
Creep behavior of epoxy adhesive at FRP-concrete interface by under
shear stresses has been reported (Meshgin et al. 2009).Double lap shear tests
were prepared on a specimen that consisted of two concrete blocks connected
by two FRP sheets with epoxy-adhesive subjected to sustained loads (Choi et al.
2007, Meshgin et al. 2009, Ferrier et al. 2010). Creep of epoxy at the FRP
interface proved to be critical when concrete beams strengthened with FRP is
subjected to sustained stress (Reda Taha et al. 2010). Limiting this creep can
improve the efficiency of FRP strengthening under stained loads. Creep of
epoxy-clay nanocomposite at nanoscale by using nanoindnetation was reported
by Lam et al. (2007). It was shown that optimal creep strain was obtained when
4%wt nanoclay loading were incorporated in epoxy (Lam et al. 2007).

2.6 CFRP incorporating epoxy-clay nanocomposite (NC-CFRP)
Nanoclay was reported to be able to significantly improve impact
resistance of NC-CFRP hybrid composites impact resistance. Avila et al. (2006)
and Iqbal et al. (2008) showed that incorporating nanoclay in FRP fabrication
with nanoclay loadings less than 10% area by weight of epoxy reduced damage
delaminated.

Avila et al. (2007) showed that intercalated nanoclay platelets

enhanced the stiffness and impact resistance of FRP composites. Colavito et al.
(2007) employed C-scan damage analysis and showed that the addition of 5%
nanoclay by weight of epoxy reduced the damage area due to impact by 50%.
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Chapter 3
Experimental Methods
3.1 Introduction
This chapter describes the experimental methods including material
properties, fabrication methods, test procedures, test set-ups, equipment, and
data analysis methods used in this research. The chapter starts with the material
used and fabrication methods of epoxy-clay nanocomposite and CFRP
composites reinforced with nanoclay. This is followed by microstructural, thermal,
and mechanical characterization methods of epoxy-clay nanocomposite used.
The chapter ends with description of the experimental methods to investigate the
direct applications of nanocomposite as an adhesive in terms of macrocreep at
FRP-steel interface and nanocreep using nanoindentation. Finally, indirect
application of nanocomposite as a matrix of NC-CFRP in tensile (on-axis tension
test), in-plane shear (off-axis tension test), and flexural (on and off-axis tests)
behavior of (NC-CFRP) was discussed.

3.2 Materials properties
3.2.1 Epoxy
The epoxy adhesive used is EPOTUF®37-127 epoxy system supplied by
U.S. Composites, Inc. and manufactured by Reichhold Chemicals, Inc. The resin
is a low viscosity 100% reactive diluted liquid based on Bisphenol-A containing
EPOTUF®37-058 which is C12-C14 glycidyl ether, while the hardener is Aliphatic
Amine EPOTUF®37-614. The viscosity of the resin at 25oC is 600 cps. The resin
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to hardener mixing ratio is 2:1, the pot life at 26.7oC is 30-45 minute, while setting
time is 5-6hours and curing time is 24-28 hours at room temperature. The tensile
strength and elongation were reported as 62-69 MPa and 2.2-2.5% respectively.
The flexural strength and modulus were reported as 117-131 MPa and 3.13.4*10-7MPa respectively.
3.2.2 Nanoclay
The clays used to fabricate epoxy-clay nanocomposite is Cloisite®30B
supplied by Southern Clay Products, Inc. Cloisite®30B is an off white color
natural montmorillonite modified with a quaternary ammonium salt of density
1.98g/c3. Typical dry particle sizes are 10%, 50%, 90% by volume less than 2µ,
6µ, 13µ respectively. X-Ray Diffraction d-Spacing (001) was reported as 18.5Å.
Table 3.1 presents the typical properties of Cloisite®30B as reported by the
manufacture.
Figure 3.1 shows the structure of the organic modifier: methyl, tallow, bis2-hydroxyethyl, quaternary ammonium (MT2EtOH).
®

Table 3.1: Properties of Cloisite 30B
Organic
Treatment/Properties
Modifier
®
Cloisite 30B
MT2EtOH

Modifier
Concentration
90meq/100g clay

%
Moisture
<2%

% Weight Loss on
Ignition
30%

Figure 3.1: The structure of the organic modifier MT2EtOH,
Where T is Tallow (~65% C18; ~30% C16; ~5% C14).
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3.2.3 Carbon fibers fabric
The carbon fiber fabric used is HexForceTMAGP193-P, balanced bidirectional plain weave of dry fabric weight of 1.93 gm/m2, and fabric thickness of
0.25 mmm, with 11.5/in both warp and fill warn count of never twisted, surface
treated HexTow®AS4 continuous, high strength, high strain, PAN based fiber 3k
filament count tows, with filament diameter 7.1 µ, and 94%carbon content, was
supplied by U.S. Composites, Inc. and manufactured by HexcelTM. HexTow®AS4
tensile strength and elongation were reported as 4433 MPa and 1.8%
respectively.
3.2.4 Carbon fibers laminates
The carbon fiber laminates used in the thesis GR-CFL-Zero was supplied
by Graphtek LLC. GR-CFL-Zero is a carbon fiber unidirectional laminate, with
thickness of 1.14mm, and density of 1.49 gm/cm3, fabricated using 33 million
pounds per square inch (m.s.i) carbon fibers and Vinylester resin, similar to that
used in typical strengthening of concrete and steel structures. The tensile and
flexural strength were reported as 2689 MPa and 1875.4 MPa respectively. The
laminates are supplied as strips of 30.48 cm width, 182.88 cm length and one
side of the laminate has been purposely roughened to improve bond to the
surface, and if bond on both sides is required, the smooth side was roughened
up with sandpaper as recommended by the supplier.
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3.3 Fabrication methods
3.3.1 Synthesis of epoxy-clay nanocomposite
First, the desired amount of nanoclay was dispersed in the epoxy resin at
120 °C using mechanical stirrer at 1200 rpm for 2 hours as shown in Figure3.2
(a). Then, it was further dispersed at 60 °C in an ultrasonic bath for 2hours as
shown in Figure3.2 (b).

(a)

(b)

Figure 3.2 (a): Mechanical stirring, (b): Sonication of resin-clay mixture.

The hardener was added and mixed after cooling the resin-clay mixture to
the room temperature for 10-20 minutes. After the epoxy-clay nanocomposite is
ready as shown in Figure 3.3 to be poured into molds or used as a composite
matrix in fabrication of CFRP. Finally, curing occurred at room temperature for 14
days. Figure 3.4 shows fabrication method steps of nanocomposite.

Figure 3.3: Epoxy-clay nanocomposite with 10, 8, 6, 4, and 0%wt nanoclay.
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Figure 3.4: Fabrication method steps of epoxy-clay nanocomposite.

3.3.2 CFRP incorporating epoxy-clay nanocomposite (NC-CFRP)
The vacuum assisted hand lay-up technique was used to fabricate the
CFRP composites, according to specification stated in ASTM D5687/D5687M95(2007). First, the non-porous release film was attached over a metallic plate;
the metallic rigid plate was used to facilitate the fabrication of flat composite
panels. The non-porous release film was used to isolate the CFRP composite
from the metallic plate. Then, a peel ply was placed. After, woven carbon fiber
fabric layer was placed and the matrix was applied using a roller for each of the
10 layers of the CFRP composite, simultaneously; the roller was used to compact
the fabric layers together to facilitate the impregnation of the carbon fibers with
matrix. The matrix used in the fabrication process was either neat epoxy or
epoxy-clay nanocomposite. Then, another peel ply was placed; the peel plies
were used to facilitate the peeling of CFRP composite after curing of epoxy
matrix. A porous release film was then placed to facilitate the separation of the
CFRP composite from the other layers after curing. A breather ply layer was then
placed: breather ply layer were used to provide an air bath towards the vacuum
port and to absorb the excess of the matrix. Finally, the entire system was
covered with nylon bag and sealed with a high temperature yellow sealant tape.
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The release films, peel plies, breather ply, nylon bag, and sealant tape was
supplied by ACP composites, Inc. Figure 3.5 shows layers of hand lay-up
technique used in fabrication of CFRP.

Figure 3.5: layers of hand lay-up technique used in fabrication of CFRP.

The vacuum pump was connected to the nylon bag through a vacuum port
and a pressure of 2.3*10-2 Torr was applied for 24 hours to remove air bubbles
during initial curing of the matrix as shown in Figure 3.6. The vacuum nylon bag
was checked from any leakage, and leakage was minimized as possible. Figure
3.7 shows a schematic diagram of hand lay-up technique used in fabrication of
CFRP.

20

Figure 3.6: The vacuum assisted hand lay-up technique used in fabrication of CFRP.

Figure 3.7: Schematic diagram of hand lay-up technique used in fabrication of CFRP.
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3.4 Characterization of epoxy-clay nanocomposite
3.4.1 Microstructural characterization
3.4.1.1 Scanning electron microscope (SEM)
The nanoclay particles size was investigated by scanning electron
microscope (SEM) using Hitachi S-5200 Nano SEM as shown in Figure 3.8. SEM
of magnification range from 100 X to 2000000 x of guaranteed resolution at 1 kV
is 1.7 nm and at 30 Kv is 0.5 nm. Clay and 10% nanoclay epoxy-clay
nanocomposite were placed on specimen holder using double sided tape, also
on coating was used.

Figure 3.8: Hitachi S-5200 Nano SEM.
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3.4.1.2 X-ray diffraction (XRD)
The degree of clay exfoliation was investigated by using XRD method by
observing neat epoxy, and epoxy-clay nanocomposite of 4% and 10%wt
nanoclay of epoxy. XRD continuous scan was performed using Rigaku SmartLab
system as shown in as shown in Figure 3.9 (Cu K-alpha radiation with wave
length λ =0.154nm), operating at open attenuator run of 40 kV, 40 mA and Ni
filter at Room temperature, with optimization for scattering angles θ of 1o < θ <
60o. XRD spectra were obtained in 16min with rate of 4o/min. Equation 3.1 shows
the relation between the d-spacing d and the angle of diffraction θ.

Figure 3.9: Rigaku SmartLab system.

  2

3.1

Where λ is the wave length used in nm, d is the d-spacing between nanoplatelets
in nm, and θ is the diffraction angle in degrees.
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3.4.1.3 Transmission electron microscope (TEM)
The d-spacing of intercalated and exfoliated clay nanoplatelets was
investigated by using TEM method by observing epoxy-clay nanocomposite of
4% and 10wt% nanoclay of epoxy using JEM-2100 TEM as shown in Figure
3.10. TEM images were taken with accelerating voltage of 185 kV.

Figure 3.10: JEM-2100 TEM.
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3.4.1.4 Nuclear magnetic resonance (NMR)
The level of silicate polymerization after dispersing nanoclay in epoxy was
investigated by
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Si Nuclear magnetic resonance (NMR) by scanning neat epoxy

of 0%wt nanoclay , 4% and 10%wt nanoclay epoxy-clay nanocomposite using
Cryomagnet for NMR Spectroscopy BZH 300/89 shown in Figure 3.11. NMR was
performed in 7 mm cylinders spun at 4 kHz. Approximately 10,000 scans were
performed for each weight percentage of nanoclay.

Figure 3.11: Cryomagnet for NMR Spectroscopy BZH 300/89.
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3.4.2 Thermal characterization
The thermal stability of epoxy-clay nanocomposite was investigated by
using thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC). There are measurements of weight change and differential heat flow
respectively by testing neat epoxy, and epoxy-clay nanocomposite of 4% and
10%wt nanoclay of epoxy. TGA and DSC were performed using TGA/DSC model
SDT Q600 instrument as shown in Figure 3.12, operating with a heating rate 10
°C/min to 1000 °C purged with nitrogen flow of 60 ml/min. TGA/DSC was
recorded with a resolution of 0.001 °C.

Figure 3.12: TGA/DSC model SDT Q600 instrument.
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3.4.3 Mechanical characterization
3.4.3.1 Flexural testing
The flexural behavior of epoxy-clay nanocomposite was investigated by
testing 8 sets of specimens. Each set included 5 specimens. The 8 sets included
neat epoxy that is 0% nanoclay, and epoxy-clay nanocomposite of 0.5%, 1%,
2%, 4%, 6%, 8% and 10%wt nanoclay of epoxy. Three point flexural test was
performed using MTS® Bionix Servo hydraulic system, with load capacity of 25
kN and a maximum vertical stroke of 130 mm, according to specification stated in
ASTM D790-10. In this test, a prism-shaped specimens of dimensions 120 x 25 x
7mm, was rested on two supports and loaded by a displacement-control mode at
one point located at mid-point of the span, with a crosshead motion of a speed of
0.4 mm/min, so that a maximum rate of straining of the outer fibers (Z) of 0.01
mm/mm/min was induced according to Equation 3.2 (ASTM D790-10), and loaddeflection of data was recorded for every 10 seconds. Figure 3.13 shows the
dimensions of the prisms tested in flexure.

Figure 3.13: Dimensions of nanocomposite prisms tested in flexure.
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ଶ
=
6

(3.2)

Where R is the rate of crosshead motion in mm/min, L is the support span, d is
the depth of prism tested in mm, and Z is the rate of straining of the outer fiber in
mm/mm/min.
From load –deflection response, flexural stress σ and strain ε at any load
level was computed according to Equation 3.3 and 3.4 (ASTM D790-10), then
from stress-strain response, the toughness was computed to be the area under
stress-strain curve and modulus of elasticity in bending EB was computed
according to equation 3.5 (ASTM D790-10).
=
=

3
2 ଶ

(3.3)

6 
ଶ

(3.4)

Where σ is the flexural stress, and ε is the flexural strain in the outer fibers at
mid-point in MPa and mm/mm respectively, P is applied load in N, D is the
maximum deflection at mid-point of prism tested in mm, L is support span, b is
width, and d is depth of prism tested in mm.



ଷ
=
4 ଷ

(3.5)

Where EB is tangent Modulus of elasticity in bending in MPa, and m is slope of
tangent to the initial straight-line portion of load-deflection curve in N/mm.
Some specimens did not fail at strain up to 5% because of the relatively
ductile behavior of polymers, so ASTM D790-10 stated to terminate the test
either when the maximum strain in the outer fibers of the test specimen reached
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0.05 mm/mm or at failure occurred. Figure 3.14 shows the prism tested
deformation during the flexural test.

(a)

(b)

(c)

Figure 3.14: Flexural prisms tested, (a) before, (b)during, and (c) after the test.

3.4.3.2 Short-beam shear testing
The flexural behavior of epoxy-clay nanocomposite was investigated by
testing 2 sets of specimens, they were neat epoxy, and 10%wt nanoclay epoxyclay nanocomposite epoxy, and each set was 5 specimens. Three point shear
test was performed using MTS® Bionix Servo hydraulic system, guided by
specification stated in ASTM D2344/D2344M-00. In this test, prism-shaped
specimens of dimensions 44 x 12.5 x 7 mm, was rested on two supports and
loaded by a displacement-control mode at one point located at mid-point of the
span, with a crosshead motion of a speed of 1 mm/min, and load-deflection of
data was recorded for every 10 seconds up to failure. Figure 3.15 shows the
dimensions of the prisms tested in shear.

Figure 3.15: Dimensions of nanocomposite prisms tested in shear.
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From load –deflection response, Shear stress τ and strain γ at any load
level was computed according to equation 3.6 and 3.7 from basic small
deformations mechanics of materials, assuming the uniform distribution of shear
stresses along the cross-sectional area of the tested prism.
=



(3.6)

Where τ is the shear stress in MPa, P is applied load in N, and A is the area of
tested prism in mm2.
=

∆


(3.7)

Where γ is the shear strain in mm/mm, ∆L is the shear slip in mm, and b is the
width of prism tested in mm.
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3.5 Creep behavior of epoxy-clay nanocomposite
3.5.1 Macroscale creep behavior
The macrocreep behavior of epoxy-clay nanocomposite at FRP-steel
interface was investigated by using double lap shear testing of one specimen of
neat epoxy, and epoxy-clay nanocomposite of 4% and 10wt% nanoclay of epoxy.
A typical specimen was consisted of two carbon fibers (CFRP) laminates (section
3.2.4) of 25.4 x 127 mm bonded to two sides of two steel blocks of dimensions
50.8 x 50.8 x 76.2 mm by an epoxy-clay nanocomposite layer of dimensions 25.4
x 25.4 mm with thickness (h) of 0.71±0.035 mm controlled using 0.5% volume
fraction of class VI soda-lime glass beads supplied by Mo-Sci Corporation, as
shown in Figure 3.16.

Figure 3.16: The double lap shear test specimen.
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The steel blocks are loaded at tension to induce shear stresses at the
four epoxy layers by the loading frame through steel weights and a system of
steel hooks and chains were used in transferring the load to the specimens as
shown in Figure 3.17, the applied sustained load P was 1846±0.1N, that was
measured and maintained using a load cell to induce shear stress of 30% of the
ultimate shear strength of the neat epoxy.

Figure 3.17: The loading frame used double lap shear test.

The experiment was performed under a controlled environment of relative
humidity (RH) of 20% and room temperature of 23oC. Data of the distance
between two blocks and the strain of CFRP laminates were recorded using two
LVDTs attached to the bottom surface of the upper steel block, and one strain
gauge each attached to each CFRP laminate to measure tensile elongation of
CFRP laminate, while two more CFRP laminates with one strain gauge each is
used to compensate for thermal fluctuation for each side respectively for every
10 minutes using data CR1000 acquisition system with AM16/32 multiplexer.
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Data was collected using Loggernet Data logger support software version 4.1 as
shown in Figure 3.18.

Figure 3.18: CR1000 acquisition system and Loggernet 4.1 Data logger support software.

In addition to the epoxy with the nanoclay specimens, similar specimen
with neat epoxy was fabricated and tested to obtain ultimate shear capacity of
epoxy layer using MTS®Bionix servo hydraulic system as shown in Figure 3.19.
The specimen was loaded to failure by displacement control mode with loading
rate of 0.5 mm/minute as shown in Figure 3.20.

Figure 3.19: The double lap ultimate shear test.
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Figure 3.20: The double lap ultimate shear failure.

The use of unidirectional CFRP laminates and steel block minimized the
creep response of the whole system except the epoxy interface. It is therefore
assumed that the increase in distance between two blocks ∆L1 is equal the
increase of shear deformation of two epoxy layers ∆L (measured by LVDTs) of
each side after deducting the values of CFRP laminates tensile elongation ∆L2
(measured by strain gauges) as shown in Figure 3.21. Accordingly shear strain γ
per layer for different creep time t is computed as:
∆   ∆ଵ   ∆ଶ 

3.8

∆ 


  

3.9

In addition to shear stress τ acting on every epoxy layer is computed using area
of epoxy layer A as:



2

3.10

Then shear compliance J(t) of epoxy is computed as:
  

 


3.11

34

The normalized creep compliance Jn(t) relatively to initial elastic compliance of
epoxy is computed as:
  

    0
 0

3.12

While J(0) is the elastic shear compliance of epoxy layer at creep time zero.

Figure 3.21: The double lap shear test deformation.
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3.5.2 Nanoscale creep behavior
The nanoscale stiffness and creep behavior of epoxy-clay nanocomposite
were investigated by testing neat, and epoxy-clay nanocomposite of 4% and
10wt% nanoclay of epoxy. Depth versus load Hysteresis nanoindentation test
was performed using NanoTestTM 600 indenter system from Micro Materials, Inc.,
Wrexham, UK shown in Figure 3.22. A spherical indenter of diameter 10 µm was
used, with a loading and unloading rate if 0.0375 mN/sec, initial load of 0.05 mN,
maximum load of 1.55 mN, and the maximum load was held for dwell time of 100
sec. to investigate the time-dependent behavior of epoxy-clay nanocomposite at
nanoscale. The Indentations were made on three gridlines spaced 20 µm apart;
each gridline contained 10 indentations spaced at 20 µm. To correct of thermal
drift, the load-indentation data was recorded post indentation.

Figure 3.22: NanoTest

TM
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600 indenter system.

It is important to note here the reasons for using a spherical indenter
instead of Berkovich indenter. The spherical indenter covers a large area of
material allowing for investigation the nanocomposite’s mechanical response at
the nanoscale. While Berkovich indenter’s pyramidal edges are constructed to
meet at a single point. This importance of nanoscale investigation is attributed to
the significance of interfacial interaction of nanoclay platelets with the resin
matrix at the nanoscale. Moreover indentation process may produce either a
reversible elastic deformation, permanent plastic deformation, or both plastic and
elastic deformation. This depends on the ratio of the actual strain to the yield
strain of the material. The actual strain is given by tan θ, where θ is the angle
between the indenter and indented surfaces. Berkovich indenters are perfectly
sharp and result in plastic deformation almost instantly. Accordingly, much of the
information about the elastic response and elastic to plastic transition are lost.
While a spherical indenter, θ increases. Therefore the strain increases as the
indentation depth increases. There may be an initial elastic deformation at
relatively small initial contact stresses followed by a transition from elastic to
plastic deformation at higher stresses as the spherical indenter is driven into the
surface. That can be used to determine the entire uniaxial stress-strain curve
from load-indentation data recorded.
For spherical indentation with no interface constraints, the indented surface is inplane stress condition. This related creep induced by shear stresses at
macroscale level to nanoscale investigation.
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The recorded load-indentation data was analyzed using the method
outlined by Oliver and Pharr (1992). In this method, properties of indented
surface were derived from the unloading curved portion of the load-depth curve
recorded during the nanoindentation experiment. Oliver and Pharr considered the
case of Berkovich indenter but noted that the method could be extended to other
indenter only when key parameters are known. These include the unloading
stiffness, the load-depth curve, and the area function of the indenter. Figure 3.23
shows parameters used in the analysis for spherical indenter.

Figure 3.23: Geometry of the parameters and load-depth curve for an elastic- plastic surface for
spherical indenter (Fischer-cripps 2004).
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It was assumed that no reverse plasticity, the unloading is elastic and at
complete unload, and there is a residual impression of depth hr when the load is
removed. From load-depth curve the total indentation depth ht of a rigid spherical
indenter beneath the original indented surface at full load Pt. is defined as:
ℎ௧ = ℎ  + ℎ 

(3.13)

Where he is the elastic displacement.
The elastic behavior of contacting spheres was described by Hertz 1882.
Then in the elastic region, the spherical nanoindentation is based on the
following Hertz equation:
3
=
4

ଵ ଷ
ଶ
  ଶ ℎ

(3.14)

Where P is the indenter applied load, R is the relative radius of curvature, and Er
is referred as the reduced modulus or combined modulus as a quantity combines
the elastic modulus of the indenter and the indented surface.
The reduced modulus Er is computed as a function of moduli of elasticity and
passion’s ratios of the indenter and the indented surface as the following:
1


=

1 − ଵଶ
ଵ

+

1 − ଶଶ

(3.15)

ଶ

And the relative radius of curvature of the residual impression R was computed
as:
1
1
1
= −
  

(3.16)

Where Ri is the indenter radius and Rr is the radius of curvature of the residual
impression.
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Moreover the Hertz equations showed that the total indentation depth ht is the
sum of the plastic depth hp and half of the elastic displacement he, and computed
as:
ℎ௧ = ℎ  +

ℎ
2

(3.17)

Senddon 1965 showed the elastic displacement he was defined by:
ଶ
ℎ =


(3.18)

Where a is the radius of the circle of contact at maximum load.

The slope of the indentation load-depth curve dP/dh was computed as the slope
of a line tangent to (derivative of) the unloading curve that reported to be a power
function by Oliver and pharr (1992) for a Berkovich indenter, but can be applied
to other indenters as previously mentioned. Therefore, the slope of the elastic
unloading dP/dh was computed as the derivative of Equation 3.14 with respect to
h as the following:

=2
ℎ

ଵ ଵ
ଶ
  ଶ ℎ

(3.19)

The quantity dP/dh is referred to as the contact stiffness.
Then by substituting Equation 3.19 into Equation 3.14:
=

2 
ℎ
3 ℎ 

(3.20)

3 ௧
2 
ℎ

(3.21)

And then by rearranging Equation 3.20 and for full load Pt:
ℎ =
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Once a value of he was obtained, plastic depth hp was computed from Equation
3.17. Then from geometry of loading a was computed as a function of the plastic
depth hp and the indenter radius Ri as:
 = 2 ℎ − ℎଶ

(3.22)

And then by substituting Equation 3.18 in Equation 3.19:

=2
ℎ

 ଶ
ଵ



ଵ
ଶ

= 2



(3.23)

Accordingly, the reduced modulus Er is computed as:
=

1  √
 1
=
ℎ 2 2 ℎ √

(3.24)

Where A = a2 ,is the area of contact.
The shear creep compliance J(t) is defined as the change in the strain as a
function of time ߳(t) under instantaneous applied constant initial load ߪo (Lee and
Randock 1960, Ting 1966) as:
 =

()


(3.25)

For a linear viscoelastic materials the creep compliance J(t) of viscoelastic
materials is invariant with the applied stress due to linear relationship between
stress and strain at any time. J(t) is changes as a function of maximum
instantaneous stress. However, for polymers (i.e. epoxy) this assumption is
invalid due to nonlinear constitutive relationship of stress and strain at different
time.
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(Lu et al. 2003) reported that the time dependent displacement for spherical
indenter is computed as:
ℎ ଶ  =
ଷ

31 − 
8√

  − 
௧

(3.26)



Where h(t) is nanoindnetation depth with time, J is the creep compliance, and ߥ is
passion ratio.
(Tweedie and Vliet 2006) reported that creep compliance was computed as:
  =

ଷ
8
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(3.27)

Where Po is the maxium applied constant load.
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3.6 CFRP incorporating epoxy-clay nanocomposite (NC-CFRP)
3.6.1 NC- CFRP flexural test
The flexural behavior of NC-CFRP (section 3.3.2) was investigated by
testing 6 sets of specimens, they were neat CFRP that is 0% nanoclay, and NCCFRP incorporating 4% and 10%wt nanoclay of epoxy matrix, each set was 5
specimens. Two types of three point flexural test were preformed; on and off-axis
tests that the carbon fibers of composite’s orientation was aligned in the
parallel/perpendicular direction or at 45º angle with the span direction
respectively, using MTS® Bionix Servo hydraulic system, according to ASTM
D790-10 specification. In this test, specimens of dimensions 32 x 19 x 2.5 mm
were tested by a displacement-controlled mode at one point located at mid-point
of the span, with a crosshead motion of a speed of 1mm/min. Figure 3.24 shows
the NC-CFRP flexural specimen dimensions and test setup.

Figure 3.24: The NC-CFRP flexural specimen dimensions and test setup.
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From load –deflection response, flexural stress σ and strain ε at any load
level was computed according to Equation 3.3 and 3.4 respectively, while the
modulus of elasticity EB was computed according to Equation 3.5.
3.6.2 NC- CFRP tension test
The tension behavior of NC-CFRP (section 3.3.2) was investigated by
testing 4 sets of specimens (coupons), they were neat CFRP, and NC-CFRP
incorporating 10%wt nanoclay of epoxy matrix, fabricated using 2 layers of
bidirectional plain carbon fibers fabric (section 3.2.3), each set was 5 coupons.
Two types were preformed; on-axis tension and off-axis tension (in-plan shear)
tests that the carbon fibers of composite’s orientation was aligned in the
parallel/perpendicular direction or at 45o angle with the tensile loading direction
respectively, using MTS® Bionix Servo hydraulic system, according to ASTM
D3039/D3039M-08 specification. In this test, coupons of dimensions 127 x 12.7 x
0.5 mm were tested by a displacement-controlled mode at one point located at
mid-point of the span, with a crosshead motion of a speed of 2mm/min. Figure
3.25 shows the NC-CFRP tension specimen test setup.

Figure 3.25 The NC-CFRP tension test setup.
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From load –deflection response, tensile stress σ and strain ε at any load
level was computed according to Equation 3.28 and 3.29 respectively, while the
modulus of elasticity Et was computed according to Equation 3.30.
=



(3.28)

Where P is applied axial load, and A is the cross sectional area of tested
coupons.
=

∆


(3.29)

Where ∆L is the tensile elongation in mm, and L is the effective length of the
tested coupon.
௧
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(3.30)

3.6.3 NC- CFRP Low-Velocity Impact test
The low-velocity impact response of NC-CFRP (section 3.3.2) was
investigated by testing 5 sets of 3 specimens each, including neat CFRP, and
NC-CFRP incorporating 4% and 10%wt nanoclay of epoxy matrix, at two energy
levels of 18, and 20 J as shown in Figure 3.26.Those energy levels were chosen
simultaneously to insure same damage level (rebounded or penetrated) for
various weight percentage of nanaclay.

20 J

CFRP

10%wt. NC-CFRP

18 J

CFRP

4%wt. NC-CFRP

Figure 3.26: Schematic for experimental plan for low-velocity impact.
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10%wt. NC-CFRP

Each set 3 specimens, using INSTRON CEAST®9350 drop tower low
velocity impact tester shown in Figure 3.27, according to ASTM D5687/D5687M95 specification. In this test, plate-shaped specimens of dimensions 100 x 100
mm and average thickness of 2.5 mm were tested by dropping a 12.7 mm
diameter hemispherical striker of load capacity 21 kN, the total weight of 14.93 kg
including carriage weight was4.3 kg, striker weight of 0.63 kg and additional
weight of 10Kg, on the specimens from heights of 122 and 135 mm with initial
velocity of 1.5 and 1.6 m/sec for energy levels of 18 and 20 J respectively. The
sampling rate was 250kHz. Time history of the force was recorded, the system is
equipped with laser system to measure the initial velocity.

®

Figure 3.27: INSTRON CEAST 9350 drop tower high velocity impact tester.
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Then, deformation, velocity, and energy responses according to ASTM
D7136/D7136M-07 was computed using the following equations:
! = ! + " − 
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Where t is time, m is the applied mass, ߥi is the initial velocity, $i is the initial
position, g is the gravity, (t) is the velocity, (t) is the displacement, E(t) is the
absorbed energy, and F(t) is the measured force with time.
It is important to note that the major energy absorption mechanisms during
low velocity impact are the tension in the primary yarns, and the deformation of
the secondary yarns. Cheng et al. 2003 showed that the penetration process
can be divided to three sequential stages. These stages are punching, fiber
breaking, and delamination.
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Finally, damage evolution was measured using X-ray computed
tomography (CT-Scan) images. All scans were done at 65 kVp tube voltage and
1500ms exposure time. The CT scans all had 540 projections and ultra-fine
frame resolution setting. Each scan took about 15 min but CT reconstruction took
about 3 hours. Then, those 540 projections of each specimen were imported to
Mimics x64 15.01, then using thrash holding to select range of houns field unit 600 to +1000 Hu, followed by creating 3D object from the mask. Then damage
was characterized by four sided pyramidal fracture of the woven fabric composite
as shown in Figure 3.28.

Figure 3.28: Four sided pyramid fracture of the woven fabric composite.
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Chapter 4
Results and Discussion
4.1 Introduction
This chapter presents the experimental results, including statistical
analysis for microstructural, thermal and mechanical characterization methods of
epoxy-clay nanocomposite used, the chapter also investigate of investigates the
macrocreep at FRP-steel interface and nanocreep using nanoindentation. The
chapter also reported the use of nanocomposite as a matrix of NC-CFRP in
tensile (on-axis tension test), in-plane shear (off-axis tension test) and flexural
(on and off-axis tests) behavior of (NC-CFRP).
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4.2 Characterization of epoxy-clay nanocomposite
4.2.1 Microstructural characterization
4.2.1.1 Scanning electron microscope (SEM)
The nanoclay particles size was investigated by scanning electron
microscope (SEM) as show in Figure 4.1. The SEM images provided a 3-D view
of nanoclay stacks and it was clarified that nanoclay particles tend to aggregate
and to form stacks of large size.

Figure 4.1: SEM images of nanoclay particles.

The 10%wt. nanoclay epoxy-clay nanocomposite was investigated by
SEM as shown in Figure 4.2. SEM images showed the dispersion of the
nanoclay particles that appear as randomly distributed bright spots (as indicated
by brown arrows) in darker spots of the epoxy matrix (as indicated by black
arrows), but these images failed to provide required details to determine the
degree of clay exfoliation.
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Figure 4.2: SEM images of 10%wt nanoclay epoxy-clay nanocomposite.

4.2.1.2 X-ray Diffraction (XRD)
The degree of clay exfoliation (section 2.2.4) was investigated by X-ray
diffraction (XRD). Figure 4.3 shows the XRD patterns. Using Equation 3.1
λ=2dsinθ, the characteristic [001] of nanoclay appeared at 2θ=4.62°, therefore
the d-spacing of nanoclay was determined to be 1.91 nm. While for 10%wt
nanoclay epoxy-clay nanocomposite, the [001] peak appeared at 2θ=1.98° with
expanded d-spacing equal to 4.46 nm. Moreover for 4%wt nanoclay epoxy-clay
nanocomposite, , the [001] peak appeared at 2θ=1.58° with less relative intensity
expanded d-spacing equal to 5.58 nm. Accordingly intercalations occurred due to
the observation of [001] peak for both 4% and 10%wt nanoclay contents.
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Moreover few undispersed nanoclay particles were observed for both 4%
and 10%wt nanoclay contents of d-spacing equal to 2.21 and 2.16 nm
respectively.

Figure 4.3: XRD patterns of nanoclay, neat epoxy, 4% and 10%wt nanoclay epoxy-clay
nanocomposite
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The characteristic [001] was referred to interplanar spacing of lattice
shown in Figure 4.4 defined by Miller indices in which, a and c are in the plane of
the paper, and b is perpendicular to the plane of the page.

Figure 4.4: Schematic of interplanar spacing (Connolly 2012).

4.2.1.3 Transmission electron microscope (TEM)
The d-spacing of intercalated and exfoliated clay nanoplatelets was
investigated by Transmission electron microscope (TEM). Figure 4.5 shows TEM
images of 4% and 10%wt nanoclay epoxy-clay nanocomposite. For 10%wt
nanoclay epoxy-clay nanocomposite, both exfoliated clay nanoplatelets (as
indicated by black arrows) and intercalated clay nanoplatelets (as indicated by
white

arrows)

were

observed,

while

for

4%wt

nanoclay

epoxy-clay

nanocomposite mostly exfoliated clay nanoplatelets (as indicated by black
arrows) were observed.
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Figure 2.4: Schematic of various morphologies of composite
(a) Intercalated Nanocomposite (b) Exfoliated Nanocomposite.

(a)

(b)
Figure 4.5: TEM images of (a) 4% and (b) 10%wt nanoclay epoxy-clay nanocomposite.

54

4.2.1.4 Nuclear magnetic resonance (NMR)
The chemical connectivity of silica of montmorillonite was investigated by
29

Si Nuclear magnetic resonance (NMR). Qn notation is used to express the

number of oxygen bridging molecules connecting multiple Si molecules together.
Q0 denotes no polymerization, while Q1, Q2, Q3 denote increasing in
polymerization, and for Q4 denotes fully chemical reaction as shown in Figure
4.6.

Figure 4.6: Various silicate compounds detectable by

29

Si NMR

Peaks made by the sample are compared to peaks formed by a standard
reference sample (usually pure Si for the 29Si test). The Difference between
peaks is defined as the chemical shift and is typically multiplied by 106 and given
units of parts per million (ppm). Figure 4.7 shows the 29Si chemical shift ranges.
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Figure 4.7:

29

Si chemical shift ranges (Magi et al. 1984).

Figure 4.8 showed the

29

Si NMR spectra of nanoclay, 4% and 10%wt.

nanoclay epoxy-clay nanocomposite.

29

Si NMR spectra of nanoclay showed the

Q2 peak at -92.97 ppm due to that tetrahedral silica sheets SiO4 is binds with two
other adjacent tetrahedral. Moreover

29

Si NMR spectra of 10%wt nanoclay

epoxy-clay nanocomposite (intercalated and exfoliated nanoclay platelets from
section 4.2.1.3) showed Q2 peak at -92.36 ppm. Q3 and Q4 peaks at -95.73 and (110-120) ppm were observed respectively. Q3 peaks are interpreted as
hydrophobic unit of the epoxy matrix was additionally bond with the SiO4
tetrahedral. On the other hand, Q4 peaks were interpreted as fully polymerized
SiO4 tetrahedral with surrounding hydrophobic units of the epoxy matrix. That
structure was clearly observed in 29Si NMR spectra of 4%wt nanoclay epoxy-clay
nanocomposite (exfoliated nanoclay platelets from section 4.2.1.3). It is therefore
concluded that Q3 peaks are associated with intercalated clay nanoplatelets.
While, Q4 is associated with exfoliated clay nanoplatelets. This explained by the
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fact that each platelet fully contributes to the interfacial interaction with the epoxy
matrix in case of exfoliation.

Figure 4.8:

Si NMR spectra of nanoclay, 4% and, 10%wt. nanoclay epoxy-clay nanocomposite.

29
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4.2.2 Thermal characterization
The thermal stability of epoxy-clay nanocomposite was investigated by
thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC).
Figure 4.9 shows the TGA plots for neat epoxy of 0%wt nanoclay, 4%, and
10%wt nanoclay epoxy-clay nanocomposite, TGA plots was characterized with
respect to T-50 temperature, at which 50% of the weight diminishes. T-50 was
347, 341, and 360°C respectively.

Figure 4.9: TGA plots of neat epoxy, 4% and, 10%wt. nanoclay epoxy-clay
nanocomposite.
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DSC plots were characterized with respect to glass transition temperature
(Tg) and decomposition as shown in Figure 4.10.

Figure 4.10: Schematic of exothermic DSC plots.

Figure 4.11 shows he DSC plots for neat epoxy of 0%wt nanoclay, 4%,
and 10%wt nanoclay epoxy-clay nanocomposite. Tg was assumed to be the
midpoint of the glass transition curve. Tg was found to be 65.5, 66, and 68°C
respectively as shown in Figure 4.12.
For neat epoxy, onset of decomposition occurred at 364°C. For 4%wt
nanoclay epoxy-clay nanocomposite, onset of decomposition occurred with two
peaks at 334, and 341°C. The first peak was suggested as the existence of
eutectic impurities. While the second peak was suggested as to be a
characteristic peak of epoxy influenced by 4%wt nanoclay.
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Finally for 10%wt nanoclay epoxy-clay nanocomposite, crystallization
occurred with three peaks at 333, 356, and 360°C. The first peak was suggested
as the existence of eutectic impurities as those exist in 4%wt nanoclay epoxyclay nanocomposite. And the second peak was suggested as the existence of
different eutectic impurities than those exist in 4%wt nanoclay epoxy-clay
nanocomposite. While the third peak was suggested as to be a characteristic
peak of epoxy influenced by 10%wt nanoclay.
Maximum decomposition occurred at 450, 457, and 455 °C for neat epoxy,
4% and 10%wt nanoclay epoxy-clay nanocomposite respectively.

Figure 4.11 DSC plots of neat epoxy, 4% and, 10%wt nanoclay epoxy-clay
nanocomposite.
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Figure 4.12: Tg of neat epoxy, 4% and, 10%wt. nanoclay epoxy-clay nanocomposite.

Therefore, neat epoxy is more thermally-stable at onset of decomposition
process than both the 4% and 10%wt nanoclay Nanocomposite. While 4%wt
Nanoclay nanocomposite is more thermally-stable during decomposition process
than both the Neat epoxy and 10%wt Nanoclay nanocomposite.
Moreover, it was suggested that exfoliated and intercalated nanoclay
platelets were associated with the existence of newly formed eutectic impurities.
From microstructural characterization results (section 4.2.1.3 and 4.2.1.4), it was
confirmed that for 10%wt nanoclay epoxy-clay nanocomposite both exfoliated
and intercalated clay nanoplatelets were observed. However, for 4%wt nanoclay
epoxy-clay nanocomposite exfoliated clay nanoplatelets were observed.
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4.2.3 Mechanical characterization
4.2.3.1 Flexural testing
The flexural behavior of epoxy-clay nanocomposite was investigated with
to extract tangent modulus of elasticity, toughness, and maximum stress at either
when the maximum strain reached 0.5 mm/mm or when failure.
Figure 4.13 shows flexure stress-strain curves for various weight contents
of nanoclay in epoxy-clay nanocomposite. In general, significant enhancement of
all the nanoclay contents in stress-strain curves behavior (Modulus of elasticity,
Maximum stress, and toughness) was observed.

(a)

(b)
Figure 4.13: Flexural stress-strain curves at strain up to (a) 5% or failure, (b) 1%.
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It was observed that 4%, 6%, 8% and 10%wt. nanoclay yielded the
maximum enhancement for average tangent modulus of elasticity by 60%, 48%,
61%, and 108% respectively. Unlikely to 0.5%, 1% and 2% wt. nanoclay that
yielded minimum enhancement by 6%, 1%, and 2% as shown in Figure 4.14.
Statistical analyses were performed using student t-test between various
weight nanoclay contents in epoxy-clay nanocomposite for tangent moduli of
elasticity. Based on 95% confidence level there is no statistical difference
between neat epoxy of 0% and 0.5%wt. nanoclay. Moreover, there is no
statistical difference between 0.5, 1% and 2%wt. nanoclay, and between 4% and
8%wt. nanoclay. While statistical difference was reported to all other nanoclay
contents.

Figure 4.14: Average tangent modulus of elasticity for various weight nanoclay content in epoxyclay nanocomposite.
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It was observed that 4%, 6%, 8% and 10%wt. nanoclay yielded the
maximum enhancement for average maximum stress by 48%, 39%, 68%, and
70% respectively. Unlikely to 0.5%, 1% and 2% wt. nanoclay that yielded
minimum enhancement by 17%, 24%, and 21% respectively as shown in Figure
4.15.
Statistical analyses were performed using student t-test between various
weight nanoclay contents in epoxy-clay nanocomposite for maximum stress.
Based on 95% confidence level there is no statistical difference between 0.5, 1%
and 2%wt. nanoclay. Moreover, there is no statistical between 10%wt. nanoclay
and each of 4%, 6%, and 8%wt. nanoclay. While statistical difference was
reported to all other nanoclay contents.

Figure 4.15: Average maximum stress for various weight nanoclay content in epoxy-clay
nanocomposite.
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It was observed that all specimens beyond 5% strain level (section
3.4.3.1) expect 3 of specimens of 8% and 10%wt. nanoclay, and 2 specimens of
4%wt. nanoclay.
It was observed that 4%, 6%, 8% and 10%wt. nanoclay yielded the
minimum enhancement for toughness by 35%, 40%, 37% and 28% respectively.
Unlikely to 0.5%, 1% and 2% wt. nanoclay that yielded maximum enhancement
by 62%, 72%, and 70% respectively as shown in Figure 4.16.
Statistical analyses were performed using student t-test between various
weight nanoclay contents in epoxy-clay nanocomposite for toughness. Based on
95% confidence level there is statistical difference between neat epoxy of 0%wt.
nanoclay and each of 0.5%, 1%, 2%, 4%, and 6%wt. nanoclay. Moreover, there
is statistical difference between each of 1% and 2%wt. nanoclay and each of 4%
and 6%wt. nanoclay. While no statistical difference was reported to all other
nanoclay contents.
Summarizing the pervious results: It was observed that nanoclay contents
above 4%wt. yielded maximum flexural stiffness and ultimate strength, while
ductility is enhanced minimally compared to nanoclay contents below 4%.
Summarizing the pervious statistical analysis results: It was observed the
2%wt. nanoclay content difference was needed to achieve a statistical difference
in flexural modulus. While for maximum flexural stress, the 4% level was more
governed for statistical analysis achievement. Finally, it was 4%wt. nanoclay
content difference was needed to achieve a statistical difference in flexural
toughness. All the statistical analysis results are presented in Appendix.
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From microstructural (section 4.2.1) and thermal characterization (section
4.2.2) results, it was concluded that the used synthesis method of Epoxy-clay
nanocomposite (section 3.3.1) achieved fully exfoliated nanoclay platelets below
4%wt. nanoclay content. Moreover, it was concluded that exfoliated nanoclay
platelets is associated with more ductile behavior than intercalated nanoclay
platelets for flexural.

Figure 4.16: Average toughness for various weight nanoclay content in epoxy-clay
nanocomposite.

Based on all pervious characterization results, 4%, and 10%wt nanoclay
content was picked to further research sections.
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4.2.3.2 Short-beam shear testing
The short-beam shear behavior of epoxy-clay nanocomposite was
investigated with to extract shear modulus, toughness, ultimate strength, and
strain at failure. Figure 4.17 shows shear stress-strain curves of neat epoxy of
0%wt. nanoclay and 10%wt. nanoclay epoxy-clay nanocomposite.

(a)

(b)
Figure 4.17: Shear stress-strain curves at strain up to (a) failure, (b) 1%.
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It was observed that 10%wt. nanoclay enhanced average shear modulus
by 43%, while reduced average ultimate strength, average strain at failure, and
average toughness by 18%, 70%, and 82% of that of neat epoxy respectively as
shown in Figure 4.18.
Statistical analyses were performed using student t-test. Based on 95%
confidence level there is a statistical difference between neat epoxy and 10%wt.
nanoclay epoxy-clay nanocomposite in all properties of shear stress-strain curve
behavior.

Figure 4.18: Average shear modulus, ultimate strength, strain at failure and Toughness of neat
epoxy and 10%wt. nanoclay epoxy-clay nanocomposite
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4.3 Creep behavior of epoxy-clay Nanocomposite
4.3.1 Macroscale creep behavior
Macrocreep behavior of epoxy-clay nanocomposite at the FRP-steel
interface was investigated to extract normalized creep compliance.
Figure 4.19 shows displacement per one lap shear joint between two
blocks with time for neat epoxy of 0%wt nanoclay, 4% and 10%wt nanoclay
nanocomposite, significant reduction of 36% and 29% was observed
respectively. Elastic shear displacement of 6.5, 20.5, and 266 µm was observed
by neat epoxy, 4% and 10%wt nanoclay nanocomposite respectively. That trend
was similar behavior to that observed by short beam shear behavior (section
4.2.3.2) for 10%wt nanoclay. It was observed that nanoclay enhances shear
stiffness.

Figure 4.19: Displacement between two blocks of neat epoxy, 4% and, 10%wt. nanoclay
epoxy-clay nanocomposite.
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Figure 4.20 shows average macroscale normalized creep compliance
curves for neat epoxy of 0%wt nanoclay, 4% and 10%wt nanoclay
nanocomposite for 15 days,

significant reduction of 37% was observed for

10%wt nanoclay. However, 4% nanoclay for creep compliance was significantly
increased by 61% compared with neat epoxy.
That observation was attributed to the significance of nanoclay dispersion.
From microstructural characterization results (section 4.2.1.3), it was concluded
that the intercalated clay nanoplatelets (of 10%wt nanoclay epoxy-clay
nanocomposite) reduce the creep compliance. Unlikely to the exfoliated clay
nanoplatelets (of 4%wt nanoclay epoxy-clay nanocomposite) increased the creep
compliance at macrolevel.

Figure 4.20: macroscale normalized creep compliance curves of neat epoxy, 4% and,
10%wt. nanoclay epoxy-clay nanocomposite.
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4.3.2 Nanoscale creep behavior
The nanoscale stiffness and creep behavior of epoxy-clay nanocomposite
were investigated by nanoindentation to extract reduced modulus and normalized
creep compliance.
Figure 4.21 shows average load-depth indentation curves for neat epoxy
of 0%wt nanoclay, 4% and 10%wt nanoclay nanocomposite. Individual loaddepth indentation curves are provided in Appendix.
.

Figure 4.21: Average nanoindentation load-depth curves of neat epoxy, 4% and, 10%wt.
nanoclay epoxy-clay nanocomposite.
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The average reduced modulus was significantly reduced for 4% and
10%wt nanoclay by 40% for both contents compared with neat epoxy as shown
in Figure 4.22. Statistical analyses were performed using student t-test between
weight contents of nanoclay in epoxy-clay nanocomposite for 30 indentation
values of reduced moduli. Based on 95% confidence level there is a significant
difference between neat epoxy of 0% and each of 4%, and 10%wt nanoclay
epoxy-clay nanocomposite. Analysis also showed no significant difference
between 4% and 10%wt nanoclay epoxy-clay nanocomposite. All the statistical
analysis results are presented in Appendix.
Figure 4.23 shows average nanoscale normalized creep compliance
curves for neat epoxy of 0%wt nanoclay, 4% and 10%wt nanoclay
nanocomposite. It can be observed that a significant reduction of 36% and 29%
respectively in nanocreep compliance as shown in Figure 4.22. Statistical
analyses were performed using student t-test between various weight contents of
nanoclay in epoxy-clay nanocomposite. Based on 95% confidence level there is
a significant difference between neat epoxy, 4%, and 10%wt nanoclay epoxyclay.
Nanoscale investigation of nanocomposite showed that both exfoliated
and intercalated clay nanoplatelets yielded similar effect on the reduced
modulus, and normalized nanocreep compliance of neat epoxy. This might be
attributed to the fact that at the nanoscale each platelet individually contributes to
the nanocomposite in both cases of intercalation and exfoliation. The significance
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of nanoclay dispersion and exfoliation might not be apparent at the nanoscale
level, unlikely to that behavior observed at macroscale (section 4.3.1).

Figure 4.22: Average reduced modulus and Normalized creep compliance of neat epoxy,
4% and, 10%wt. nanoclay epoxy-clay nanocomposite.
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Figure 4.23: Average nanoscale normalized creep compliance curves of neat epoxy, 4%
and, 10%wt. nanoclay epoxy-clay nanocomposite.
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4.4 CFRP incorporating epoxy-clay nanocomposite (NC-CFRP)
4.4.1 NC- CFRP flexural test
Figure 4.24 (a) and (b) shows the deformed shape of on and off axis
flexure test for NC-CFRP (section 3.3.2) respectively. It was observed that the
failure occurred in the compression zone due to the fact that CFRP composites
are stronger in tension than compression.

(a) On-axis

(b) Off-axis
Figure 4.24: Flexural deformed shape for NC-CFRP.
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Figure 4.25 (a) and (b) shows on and off axis flexural stress-strain curve
for various weight contents of nanoclay in NC-CFRP.

(a) On-axis

(b) Off-axis
Figure 4.25: Flexural Stress-strain curves for NC-CFRP.
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Statistical analyses were performed using student t-test. Based on 95%
confidence level there was no statistical difference in the on-axis flexural
modulus and strength between neat epoxy, 4% and 10%wt. nanoclay contents
NC-CFRP. This observation is attributed to that on-axis flexural behavior is
governed by Carbon fibers. While, there was statistical difference in the off-axis
flexural modulus and maximum stress at 5% strain level. For off-axis average
flexural modulus was reduced by 7% and 26% for 4% and 10% wt. nanoclay
content respectively. Moreover, the off-axis average flexural maximum stress
was reduced by 10% was reduced by 10% and 21% for 4% and 10%wt.
nanoclay content respectively as shown in Figure 4.26.

Figure 4.26: Average flexural modulus and maximum stress for NC-CFRP.
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It was concluded that nanoclay weaken the NC-CFRP by reducing the
bond between the nanocomposite matrix and the carbon fiber. This attributed to
that off-axis flexural behavior is governed by fracture of epoxy matrix.
4.4.2 NC- CFRP Tension test
Figure 4.27 (a) and (b) shows the failure pattern of tension (on-axis
tension test) and in-plane shear (off axis tension test) for 10%wt. nanoclay
content NC-CFRP (section 3.3.2) respectively.

(a) Tension (on-axis tension test)

(b) In-plane shear (off-axis tension test)
Figure 4.27: Tension test failure patterns for 10%wt nanoclay content NC-CFRP.
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For tension, interlaminar failure was observed for 10% nanoclay content
NC-CFRP. Unlikely to CFRP that governed by carbon fibers failure. This
observation confirmed the conclusion obtained in off-axis flexural test (section
4.4.1) that nanoclay reduced the bond between the nanocomposite matrix and
the carbon fiber. Figure 4.28 shows tension stress-strain curves for neat epoxy
CFRP and for 10%wt. nanoclay content NC-CFRP.

Figure 4.28: Tension Stress-strain curves for NC-CFRP.

The statistical analyses were performed using student t-test. Based on
95% confidence level, there was statistical difference in the tensile modulus,
ultimate strength and ultimate strain. The Average tensile modulus, ultimate
strength and ultimate strain reduced by 9%, 20%, and 12% for 10%wt. nanoclay
content respectively as shown in Figure 4.29.

79

Figure 4.29: Average tensile modulus, ultimate strength, and ultimate strain for NCCFRP.

For in-plane shear, complex failure pattern was observed. This
observation might be attributed to that in-plane shear failure is governed by
combination of matrix and carbon fiber failure at different stress-strain levels.
This observation is further explained by the in-plane shear stress-strain curves
for neat epoxy CFRP and for neat epoxy CFRP and for 10%wt. nanoclay content
NC-CFRP shown in Figure 4.30.

80

(a)

(b)
Figure 4.30: In-plane Shear Stress-strain curves for NC-CFRP up to strain (a) 15% and
(b) 1%.
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Stress-strain curves may be divided to three stages according to the
behavior of 10%wt nanoclay content NC-CFRP. First, increased shear stiffness
(shear modulus). This result was confirmed by short beam shear tests (section
4.2.3.2) which showed increasing the shear stiffness when 10%wt. nanoclay
content was incorporated in epoxy matrix.
The second stage is reduced shear stiffness. This result may be
concluded as matrix failure due combination of reduced shear ultimate strength
of nanocomposite matrix according to short beam shear results (section 4.2.3.2)
and reduced the bond between nanocomposite matrix and carbon fibers. Both
on-axis tension test (tension) and off-axis flexural test (section 4.4.1) confirmed
these observations.
In the third stage significant enhancements in shear stiffness, ultimate
stress and strain were observed. This observation may be attributed to the
damage level occurred earlier. For 10% wt. nanoclay content, severe damage
occurred at epoxy matrix. Consequently the damaged epoxy matix was
nonfunctional, and carbon fibers failure governed. While for neat epoxy CFRP
less intense damage occurred and matrix failure still governed.
Statistical analyses were performed using student t-test. Based on 95%
confidence level, there was statistical difference in the in-plane shear modulus,
ultimate strength and ultimate strain.
The Average in-plane shear modulus, ultimate strength and ultimate strain
increased by 147%, 121%, and 51% for 10%wt. nanoclay content respectively as
shown in Figure 4.31.

82

Figure 4.31: Average In-plane shear modulus, ultimate strength, and ultimate strain for
NC-CFRP.

Therefore, It was concluded that nanoclay weaken the NC-CFRP by
reducing the bond between the nanocomposite matrix and the carbon fiber. This
conclusion is confirmed by both flexural (section 4.4.1) and tension testing of NCCFRP.
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4.4.3 NC- CFRP Low-Velocity impact test
The low-velocity impact response of NC-CFRP (section 3.3.2) was
investigated to extract load-displacement, energy-time, velocity-time responses,
and damage Evolution (Equations 3.23, 3.24, 3.25). When CFRP plates were
subjected to impact energy of 20 J, the striker rebounded for 10%wt. nanoclay
content NC-CFRP and penetrated the neat epoxy CFRP. Due to the different
damage level (Rebounded or penetrated) occurred, reduced impact energy of 18
J was chosen next and 4%wt. nanoclay content NC-CFRP had never been
tested for 20 J energy level.
Load-displacement, energy-time and velocity-time responses are shown in
Figure 4.32, 4.33 and 4.34 respectively. It was observed that incorporating
10%wt. nanoclay content in epoxy matrix during FRP fabrication enhanced lowvelocity impact resistance significantly.

Figure 4.32: Load-Displacement response for NC-CFRP at 20 J energy level.
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Figure 4.33: Energy-Time response for NC-CFRP at 20 J energy level.

Figure 4.34: Velocity-Time response for NC-CFRP at 20 J energy level.
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When the impact energy was reduced to 18 J, the striker rebounded for all
specimens for various nanoclay contents. Load-displacement responses are
shown in Figure 4.35 for various nanoclay contents.

Figure 4.35: Load-Displacement response for NC-CFRP at 18 J energy level.

Statistical analyses were performed using student t-test. Based on 95%
confidence level, there is no statistical difference between neat epoxy CFRP and
4%wt. nanoclay content NC-CFRP for peak forces and maximum deformation.
While, there is significant difference between neat epoxy CFRP and 10%wt.
nanoclay content NC-CFRP. It was observed that average peak force increased
by 12%, and average maximum deformation was reduced by 23% for 10%wt.
nanoclay content as shown in Figure 4.36.
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Figure 4.36: Average Peak Force and Maximum deformation for NC-CFRP at 18 J
energy level.

Energy-time responses are shown in Figure 4.37 for various nanoclay
contents.

Figure 4.37: Energy-Time response for NC-CFRP at 18 J energy level.
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Statistical analyses were performed using student t-test. Based on 95%
confidence level, there is no statistical difference between neat epoxy CFRP and
4%wt. nanoclay content NC-CFRP for absorbed energy. While, there is
significance different between neat epoxy CFRP and 10%wt. nanoclay content
NC-CFRP. It was observed that average absorbed energy was reduced by 2%
for 10%wt. nanoclay content as shown in Figure 4.38.

Figure 4.38: Average Absorbed energy for NC-CFRP at 18 J energy level.

Velocity-time responses are shown in Figure 4.39 for various nanoclay
contents. The Bounce point was defined as when striker rebounded, when its
velocity approached zero.
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Figure 4.39: Velocity-Time response for NC-CFRP at 18 J energy level.

Statistical analyses were performed using student t-test. Based on 95%
confidence level and compared with neat epoxy CFRP: for bounce time, there
was no statistical difference for 4wt% nanoclay content, while there was
significant difference for 10%wt nanoclay content with a reduction in average
bounce time by 33%. While, for bounce force, there was significant difference for
both 4% and 10%wt nanoclay clay with increase of 30% and 113%. Moreover,
for bounce deformation, there was no statistical difference for 4wt% nanoclay
content, while there was significant difference for 10%wt nanoclay content with a
reduction in average bounce deformation by 23% as shown in Figure 4.40.
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Figure 4.40: Average Bounce time, Force and Deformation for NC-CFRP at 18 J energy
level.

From Microstructural characterization (section 4.2.1), it was concluded
that exfoliated nanoclay platelets (4%wt nanoclay content nanocomposite) have
no significant effect on low-velocity impact resistance, while intercalated
nanoclay platelets (10%wt nanoclay nanocomposite) have significant

effect.

This significant effect resulted in enhanced peak and bounce force, additional to
reduced bounce time. However, this significant effect is associated with a brittle
behavior attributed to the observation of reduction of absorbed energy and
bounced deformation.
From NC-CFRP static testing (section 4.4.1 and section 4.4.2), lowvelocity impact responses had similar trend to that observed for in-plane shear
results, where bond strength between nanocomposite matrix and carbon fiber
was observed to get reduced. Moreover, this low velocity impact response clearly
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associated to flexural (4.2.3.1) and shear behavior (4.2.3.2) of nanocomposite
matrix. This is reflected in enhanced stiffness and reduced toughness.
Damage evolution was characterized by four sided pyramidal fracture of
the woven fabric composite. This characterization is attributed to the bidirectional layup of the woven fabric. This damage evolution was measured by
the damage height and diagonals (areas) as shown in Figure 3.28.

Figure 3.28: Four sided pyramid fracture of the woven fabric composite.

Damage evolution using CT-Scans for various weight nanoclay contents in
NC-CFRP subjected to 18 J energy level was performed. Damage heights and
areas were showed in Figure 4.41 and 4.42 respectively.
Statistical analyses were performed using student t-test. Based on 95%
confidence level for CT-scan technique, there was no statistical significance for
damage height for various nanoclay contents. On the other hand, damage areas
there was significant difference between various nanoclay contents effect with
reduction of 6 and 15% for 4% and 10%wt nanoclay content respectively.
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Neat epoxy CFRP

4%wt nanoclay content NC-CFRP

10%wt nanoclay content NC-CFRP
Figure 4.41: Damage Heights for NC-CFRP.
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Neat epoxy CFRP

4%wt nanoclay content NC-CFRP

10%wt nanoclay content NC-CFRP
Figure 4.42: Damage Areas for NC-CFRP.

Therefore damage evolution was evaluated manually using a micrometer
of a 0.01 mm resolution in order to evaluate the efficiency of CT-scan technique.
Then, based on 95% confidence level and compared with neat epoxy CFRP:
There was no statistical difference between various nanoclay contents for
damage height as shown in Figure 4.43. Because of the difficulty to determine
damage height using naked eye. High scatter data was obtained. On the other
hand, damage areas there was significant difference between various nanoclay
contents effect with reduction of 8 and 17% for 4% and 10%wt nanoclay content
respectively as shown in Figure 4.44.

All statistical analysis results are

presented in Appendix.
Accordingly CT-Scan results were confirmed by the low-velocity impact
responses observations described above and naked eye inspections of damaged
NC-CFRP plates.
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Figure 4.43: Average Damage Heights for NC-CFRP.

Figure 4.44: Average Damage Areas for NC-CFRP.
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These results showed that CT-scan results are more accurate in
measuring damage height than conventional techniques. However, this accuracy
might be valuable to quantify damage when little to moderate damage rather than
complete penetration is observed. CT-scan might be a useful tool for evaluation
hail damage of composites in aerospace structures.
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Chapter 5
Conclusion and Recommendations
In this research, structural properties of the epoxy-clay nanocomposite
were investigated and potential CFRP composite applications were examined.
This research includes microstructural, thermal, and mechanical characterization
of the epoxy-clay nanocomposite. Moreover, multi-scale creep behavior of the
epoxy-clay nanocomposite, as well as tensile, shear, flexural and low-velocity
impact behavior of the NC-CFRP were investigated.

5.1 Characterization of epoxy-clay nanocomposite
Microstructure of the epoxy-clay nanocomposite was evaluated by
scanning electron microscope (SEM), X-ray diffraction (XRD), transmission
electron microscope (TEM) and nuclear magnetic resonance (NMR). It was
concluded that SEM images showed that nanoclay particles tend to aggregate
and form stacks of larger sizes. However, SEM images failed to differentiate
between intercalated (i.e. a few resin molecules that were diffused into clay
platelets) and exfoliated nanoclay platelets (i.e. nanoclay platelets that were
individually dispersed in epoxy matrix) as shown in Figure 2.4. However, XRD
patterns and TEM images showed that 10%wt. nanoclay content nanocomposite
incorporated both intercalated and exfoliated nanoclay platelets, while 4%wt.
nanoclay content nanocomposite only incorporated intercalated nanoclay.
Moreover, NMR spectra proved that exfoliated nanoclay platelets were
associated with stronger chemical bonds between the nanoclay platelets and
epoxy resin molecules than the intercalated nanoclay platelets.
96

Thermal stability of an epoxy-clay nanocomposite was evaluated by
thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC).
The main conclusion was that TGA/DSC plots showed that exfoliated nanoclay
platelets were associated with the existence of newly formed eutectic impurities
that might be attributed to the chemical bonds with epoxy molecules. However,
this influence was more minimized for intercalated nanoclay platelets. Therefore,
both NMR spectra and TGA/DSC measurements confirm that exfoliation is
associated with a strong contribution/interaction of nanoclay with the epoxy resin
molecules.
The mechanical response of the epoxy-clay nanocomposite was tested by
flexural and short beam shear testing. Flexural testing showed that nanoclay
enhanced flexural stiffness, ultimate strength and toughness of epoxy-clay
nanocomposites. Moreover, exfoliated nanoclay platelets were associated with
more ductile behavior than intercalated nanoclay platelets for flexural stiffness.
While short beam shear testing showed that nanoclay enhanced shear stiffness,
nanoclay clearly reduced the shear ultimate strength and toughness.

5.2 Creep behavior of Epoxy-Clay Nanocomposite
Creep behavior of the epoxy-clay nanocomposite was evaluated by multiscale testing, including macrocreep and nanocreep behavior. While macroscale
creep was evaluated using double lap shear testing at the CFRP-steel interface,
nanoscale creep was evaluated using nanoindentation. It was concluded that
only intercalated nanoclay platelets were able to significantly limit creep
compliance of epoxy at the macroscale level. The ability of intercalated nanoclay
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to limit creep might be attributed to the fact that intercalated nanoclay platelets
uniformly reinforced the epoxy viscoelastic matrix. Exfoliated nanoclay platelets
failed to limit creep of epoxy. Surprisingly, exfoliated and intercalated nanoclay
platelets had similar influence on limiting creep compliance at the nanoscale
level. This might be attributed to the fact that the role of individual nanoclay
platelets in nanocreep is much higher than the individual platelets’ effect on
macrocreep. It is obvious that microscale platelets formed aggregate particles
are necessary to limit the macroscale behavior that was always related to rupture
of polymer chain.

5.3 CFRP incorporating epoxy-clay nanocomposite (NC-CFRP)
CFRP incorporating epoxy-clay nanocomposite (NC-CFRP) behavior was
tested under flexural (on-axis and off-axis), tensile (on-axis tension), in-plane
shear (off-axis tension) stresses, and under low velocity impact. It was observed
that nanoclay reduced the bond between the nanocomposite matrix and carbon
fibers. These results might be attributed to the chemical bond formed between
nanoclay platelets and epoxy molecules observed earlier from NMR spectra and
TGA/DSC plots. For low velocity impact testing, intercalated nanoclay platelets
enhanced low velocity impact resistance, despite the brittle behavior associated
with intercalated nanoclay platelets. The ability of intercalated nanoclay to
enhance impact resistance might be attributed to the uniform dispersion of the
nanoclay platelets, making it capable of reinforcing epoxy matrix while minimizing
propagation of microscale cracks associated with impact damage. Moreover, the
ability of microscale measurements of damage proved the nanoclay to limit
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damage evolution. However, CT-scan damage evolution technique showed
unrealistic values for damage. This might be attributed to the fact that this
technique is more suitable for composites with relatively low damage.

5.4 Recommendation
Future work shall include in-depth investigation of the bonds between
epoxy-clay nanocomposite matrix and carbon fibers. Fourier Transform Infrared
Spectroscopy (FTIR) might be used in this investigation. Finally, studying lowvelocity NC-CFRP at energy levels below penetrating energy shall be performed
to examine damage evolution. CT-scan can then be used to evaluate this
damage.
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Appendix A
Statistical Analysis
Table A1: Statistical analysis for flexural epoxy-clay nanocomposite specimens.

Table A2: Statistical analyses for short-beam shear epoxy-clay nanocomposite specimens.
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Table A3: Statistical analyses for epoxy-clay nanocomposite nanoindentations.
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Table A4: Statistical analyses for NC-CFRP on-axis flexural specimens.

Table A5: Statistical analyses for NC-CFRP off-axis flexural specimens.

Table A6: Statistical analyses for NC-CFRP on-axis tension coupons.

102

Table A7: Statistical analyses for NC-CFRP in-plane shear coupons.

Table A8: Statistical analyses for response of NC-CFRP low-velocity impact plates.
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Table A9: Statistical analyses for damage height of NC-CFRP low-velocity impact plates.

Table A10: Statistical analyses for damage area of NC-CFRP low-velocity impact plates.
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Appendix B
Nanoindentation Experimental Results

Figure B1: Nanoindnetation load-depth curves of neat epoxy.

Figure B2: Nanoindnetation load-depth curves of 4%wt. nanoclay epoxy-clay nanocomposite.
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Figure B3: Nanoindnetation load-depth curves of 10%wt. nanoclay epoxy-clay nanocomposite.
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